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Summary 

We previously reported that two surface-exposed 
hlgrwnolecular-welght proteins, HMW1 and HMW2, 
xpressed by a prototyplc strain of non-typable 
Haemophilus Influenzae (NTHI), mediate attachment 
to human epithelial cells. These proteins are members 
of a family of highly immunogenic proteins common to 
70-75% of NTHI strains. NTHI strains that lack HMW1/ 
HMW2-like proteins remain capable of efficient attach- 
ment to cultured human epithelial cells, suggesting 
the existence of additional adhesion molecules. We 
reasoned that characterization of high-molecular- 
weight immunogenic proteins from an HMW1/HMW2* 
deficient strain might Identify additional adhesion 
proteins. A genomic library was prepared In XEMBL3 
with chromosomal ONA from non-typable Haemo- 
philus strain 11, a strain that lacks HMW1/HMW2-Hke 
proteins. The library was screened immunologically 
with convalescent serum from a child naturally Infected 
with strain 11, and phage clones expressing hlgh- 
m lecutar-weight recombinant proteins were identi- 
fied by Western blot analysis. One clone was identi- 
fied that expressed a protein with an apparent 
molecular mass greater than 200 kDa. Transformation 
of non-adherent Escherichia coll strain DH5a wHh 
plasmlds containing the genetic locus encoding this 
pr teln gave rise to E. co//transformants that adhered 
avidly to Chang conjunctival cells. Subcloning and 
mutagenesis studies localized the DNA conferring 
the adherence phenotype to a 4.8 kbp fragment, and 
nucleotide sequence analysis further localized the 
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gene encoding the adhesion protein to a 3.3 kbp open 
reading frame predicted to encode a protein of 
114 kDa, The gene was designated hla for Haemo- 
philus Influenzae adhesln. Southern analysis revealed 
an hia homologue in 13 of 15 HMW1/HMW2-deflcient 
non-typable H. Influenzae strains. In contrast, the hla 
gene was not present In any of 23 non-typable H. influ- 
enzae strains which expressed HMW1/HMW2-tike 
proteins. Identification of this second family of hfgh- 
molecular-welght adhesion proteins suggests the pos- 
sibility of developing vaccines based upon a combi- 
nation of HMW1/HMW2-ffke proteins and HlaJike 
proteins which would be protective against disease 
caused by most or all non-typable H. Influenzae. 

Introduction 

Non-typable Haemophilus influenzae are non-encapsu- 
lated Gram-negative organisms which are common inhabi- 
tants of the human upper respiratory tract (Kuklinska and 
Kilian, 1984). These organisms cause a variety of common 
mucosal surface infections such as otitis media, sinusitis, 
conjunctivitis, and chronic bronchitis (Murphy and Apiceila, 
1 987). A critical first step in the pathogenesis of non-typabls 
Haemophilus disease involves colonization of the upper- 
respiratory-tract mucosa. The bacterial molecules that 
facilitate this process of colonization have yet to be fully 
characterized. However, in previous work, we identified a 
family of high-molecular-welght proteins important in attach- 
ment of non-typable H. influenzae to human epithelial cells 
in vitro (Barenkamp and Leininger, 1992; St. Geme et at, 
1 993). The two closely related adhesion proteins expressed 
by our prototype strain were designated HMW1 and HMW2. 
Approximately 70-75% of epidemioiogicaiiy unrelated non- 
typable Haemophilus strains express antigenically related 
HMW1/HMW2-like proteins (Barenkamp and Leininger, 
1992). Most of the 25-30% of strains that do not express 
such proteins also demonstrate high levels of adherence 
In vitro (S. J. Barenkamp and J. W. St. Geme, unpub- 
lished), supporting the existence of additional adhesion 
molecules. 

The HMW1/HMW2-Bke proteins were initially identified 
and characterized because they were observed to be the 
Immunodominant surface-exposed proteins during the 
course of natural non-typable H. influenzae infecti n 
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(Barenkamp and Bodor, 1990). When infection is caused 
by non-typable Haemophilus strains that do not express 
HMWVHMW2-Iike proteins, surface-exposed high-mol- 
ecular-w fght proteins are still the Immunodominant 
species noted during infection (Barenkamp and Bodor, 
1990; S. J. Barenkamp and J. W. St. Geme. unpublish- 
ed). We reasoned that characterization of the immuno- 
genic high-molecular-weight proteins expressed by a non- 
typable Haemophilus strain that does not express HMW1/ 
HMW2-Mke adhesion proteins, yet which does demon- 
strate good in vitro adherence, might allow us to identify 
additional Haemophilus proteins important in bacterial 
adhesion. In this report, we describe the use of this 
strategy to identify a novel gene locus encoding another 
non-typable Haemophilus Nfih-molecular-weight adhesion 
protein. 
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Re ults 

Selection of the prototype HMWl/HMW2-deficient 
strain 

The HMW1/HMW2-deficient non-typable H. influenzae 
strain selected for study was strain 1 1 . This strain was 
originally isolated from the middle-ear fluid of a child with 
acute otitis media. When examined using a whole-cell radio- 
immunopreclpitation assay, convalescent serum from the 
child naturally infected with this strain contained anti- 
bodies In high titre directed predominantly against sur- 
face-exposed high-molecular-weight proteins with molecular 
masses greater than 100kDa (Barenkamp and Bodor, 
1990). Furthermore, examination of strain 11 in our stan- 
dard in vitro adherence assay demonstrated a high level 
of attachment to Chang conjunctival cells. Based on these 
observations, we reasoned that strain 1 1 might possess 
a novel high-molecular-weight adhesion protein, distinct 
fr m HMW1 and HMW2, 

Isolation and characterization of a recombinant phage 
and plasmid subclones expressing the strain- 1 1 
high-molecular-weight adhesion protein 

Astrain 1 1 X.EMBL3 library was screened immunologically 
*! he ^va'escent serum described above. Immuno- 
reactrve clones were examined by Western blotting for 
expression of high-molecular- weight proteins with appa- 
rent molecular masses greater than 100kDa. A single 
Phage clone was recovered which expressed the high- 
mo ^^™eight protein that is the focus of this study, 
mis clone, designated 11-17. expressed a protein with 
an apparent molecular mass of greater than 200 kDa 
I ig. 1). A partial restriction map of this phage clone is 
shown in Fig. 2. 

To test the hypothesis that the recombinant protein 



11-17 Con 

Fig. 1 . Western Immunoblol assay wtth a phage lysele expressing 
the high-moieciiar-weighl adhesion protein encoded by the hla 
gene and a control tysate from an unrelated recombinant phage. 
Lysatas wens probed wtth the £. co//-adsorbed convalescent serum 
sample of a child naturally infected with non-typable Haemophilus 
strain 1 1 . This serum sample demonstrated high-tftre anltbody 
against strain 1 1 high-mo'ecutar-weighl proteins in a whole-cell 
raololmmunoprecipitation assay (Ba/enkamp end Bodor, 1990). 



expressed by phage 11-17 was Important in adhesion, 
we constructed two plasmid subclones designated 
pHMWS-3 and pHMW8-4 (Fig. 2). These plasmids were 
introduced into the non-adherent Escherichia colt strain 
DH5cc, and the resultant strains were examined for adher- 
ence to Chang cells. As shown in Table 1 and Fig. 3, both 
recombinant strains were capable of efficient attachment, 
similar in magnitude to that demonstrated by DH5a 
expressing the previously described HMW1 protein. To 
further localize the segment of DNA involved in in vitro 
attachment, additional subclones designated pHMW8-5 
and PHMW6-7 were constructed (Fig. 2). Each of these 
plasmids also conferred a capacity for attachment (Table 
1). suggesting that a 4,8 kbp Xba\-Nrv\ fragment con- 
tains sufficient genetic material for the adherent pheno- 
type. To oonfirm this conclusion, we constructed the 
plasmid pHMW8-6 ( a plasmid in which a kanamycin cas- 
sette was inserted into pHMW8-4 at a unique Spel site 
between the Xfcal and Nru\ sites. As predicted, DH5a har- 
bouring pHMWB-6 demonstrated negligible attachment, 
adhering no better than DH5a transformed with the clon- 
ing vector alone (Table 1). 



Identification of ptasmid*encoded polypeptides 

(n order lo identify the plasmfd-encoded proteins Involved 

y 1998 Bladcweft Science Ltd. Moimcutar Microbiology. 10, 121 5- 12?3 
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contains a kanamycin cassette at the Spef site, failed to 
express either the 116 kO protein or the larger protein 
species. Similarly, BL21(DE3) carrying pT7-7 also lacked 
these proteins. 
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Rg. 2. Partial restriction maps or recombinant XEMBL3 phage 
clone 11-17 and of pT7*7 pfasrnid subclones. The solid bar 
beneath the phage 11-17 restriction map Indicates the location of 
the hia gene. Each of the indicated plasmids contains the Intact hia 
gene locus, with the exception of pHMW 8-6 in which the hia gene 
Is Interrupted by a kanarnycin-resistance cassette inserted a1 a 
unique SJpel site. The methods used for constiuclion of each of the 
plasmids are described in the Experimental procecums. 



In in vitro attachment, we introduced pHMW8-4 ? pHMW8-5, 
PHMW8-7, and pHMWB-6 into E. coil BL21(DE3). As a 
negative control, pT7-7 was also transformed into 
BL21(DE3). In the resulting strains, the T7 promoter was 
actvated with IPTG (final concentration 1 mM), and 
indjced proteins were detected using f^Sl-methionlne. 
As shown in Fig. 4, transformants harbouring plasmids 
pHMW8-4, pHMW8-5 ( and pHMW8-7 expressed a new 
protein approximately 116kDa In size. In addition, we 
observed a series of proteins that migrated at greater 
then 200 kDa, corresponding in size to the immunoreac* 
live protein noted in lysates from phage 11-17. BL21(DE3) 
harbouring pHMW8-6 ( the pHMW8-4 derivative which 



Table 1. Adherence by E. coff DH5* harbouring hia- or hmwl- 
containing plasrrtds 



Strain 



% Adherence 11 



DH5«(pT7-7) 
DH5oc(pHMW 8-3) 
DH5a(pHMW 8-4) 
DH5ot(pHMW 8-5) 
DH5tt(pHMW 8-7) 
DH5a(pHMW 8-6) 
DH5a(pHMWl-14) 



0.6 ±0.2 
38.0 ±3.8 
43 .3 ±5.0 
41.3*1.3 
31.0*3.3 

0.6 ±0.3 
57.9 ±5.3 



m. Adherence was measured In a 30 min assay and was calculated by 
dividing ihe number of adherent bacteria by the number of Inoculated 
bacteria Values are the mean ± SEM of measurements made in tripB- 
cate from a representative experiment. 
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Sequence analysis of the strain-11 adhesion focus 

Based on our subc toning and mutagenesis results, we 
began sequencing the 4.8 kb Xba\—Nru\ fragment present 
in pHMW8-7. Using this approach, we identified a 3294 bp 
open reading frame (ORF), which we have designated hia, 
for Haemophilus influenzae adhesin. A putative ribosomai 
binding site with the sequence AAG6TA begins 13 bp 
upstream of the putative initiation codon. Multiple termina- 
tion codons are present in all three reading frames both 
upstream and downstream of the hia ORF. The 5'-flanking 
region of the gene is notable for the presence of 40 conse- 
cutive thymines which span the region from 160 to 120 bp 
upstream of the start codon. The hia gene encodes a 1098 
amino acid polypeptide, which we have designated Hia, 
with a calculated molecular mass off 11 4.1 kDa. This calcu- 
lated molecular mass is in good agreement with the 
116kDa protein noted In BL21(DE3) derivatives carrying 
pHMW6-4 ( pHMWS-5, or pHMWB-7. We speculate thai 
the much larger Immunoreacfrve protein expressed by 
phage 11-17 is being detected as a multimer in Western 
Wots. 

Analysis of sequence upstream and downstream of the 
hia gene revealed additional ORFs In both locations. 
Upstream is an ORF that begtns some distance from the 
5 '-end of the Xba\ site from which we began sequenc- 
ing, and terminates 400 bp from the 5 '-end of the hia 
start codon. Beginning approximately 240 bp downstream 
from the hia termination codon Is the 5 '-end of another 
ORF, which extends beyond the Nru\ site. 

Protem-sequence-similartiy search 

A protein sequence-similarity search was performed with 
the derived amino acid sequence of the hia gene using 
the Llpman-Pearson TFASTA algorithm and the Gen- 
Bank/EMBL Nucleotide Sequence Data Library (Deve- 
reux et a/., 1984). The onfy proteins in the database that 
demonstrated significant sequence similarity with the hia 
gene product were two other bacterial proteins: HMW1, 
the protein we previously Identified as being an important 
adhesin of non-typable H. influenzae (St. Geme et a!., 
1993), and A1DA-I, an adhesion protein expressed by 
enteropathogenic E. cofi (Benz and Schmidt, 1992a,b) 
The Initial and optimized scores for the Hia protein- 
HMW1 sequence comparison were 65 and 146, respec- 
tively, with a 387 amino acid overlap. The initial and 
optimized scores for the Hia protein-AIDA-l sequence 
comparison were 101 and 170, respectively, with an 833 
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Chnr^'iS? T'foS'aphs of £. co#DH57-derivativa9 Incubated wffh 
mc^^T^ I™* 1 *' Bacte,ia Abated wilh an epithelial 
H!z e r J . 30mi ^ tw'om rinsing and stafntng with Giemsa stain. 

B. 0H57 carrying P HMW 8-3- 
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amino add overlap. The magnitude of the initial and opti- 
mized TFASTA scores and the very large regions of over- 
lap suggest that biologically significant relationships exist 
between the Hia prot in and the two other bacterial adbe- 
slns (Lipman and Pearson. 1985). 

When the Hia amino acid sequence was compared 
directly with the sequences of the HMW1 and AIDA-I pro- 
teins using the GAP program (Devereux etal, 1984), no 
long stretches of amino acid identity could be demon- 
strated However, 10 of the first 25 amino acids at the 
N-termlni of the Hia protein and HMW1 were Identical, 
and the only cysteine present in the Hia protein was resi- 
due 29, a position nearly identical to the position of one 
of only three cysteine residues present in the HMW1 
amino acid sequence. Neither the HMW1 nor the Hia pro- 
tein has a typical prokaryotic signal sequence. A very long 
segment is removed from the amino terminus of the HMW1 
precursor protein to generate the mature protein (Baren- 
kamp and Leininger, 1992). Whether similar processing 
occurs in the case of the Hia protein is unclear at pre- 
sent, as we have no information on the amino add 
sequence of the N-terminal of the mature Hia prolein. 

A sequence-similarity search with the open reading 
frame upstream of the hia gene revealed significant homo- 
logy with the E. coli exoribonuclease 1 1 protein. 

Presence of the hia locus in unrelated non-typabJe 
H. influenzae strains 

To define the extent to which the hia locus is shared by 
other non-typable H. Influenzae strains, we examined a 
panel of epidemjologicalty unrelated non-typable Haemo- 
philus isolates by Southern hybridization. Chromosomal 
ONA was dgested with EcoH\ and then probed with a 
L7kb Spel-BsrEll DNA fragment internal to the hia gene. 
Hgure 5 depicts the results of a representative Southern 
blot Chromosomal DNA from prototype strain 11 is shown 
in lane 1 and demonstrates a band of hybridization of 
approximately 10kbp. Five additional non-typable Haemo- 
philus strains which do not express HMW1/HMW2-relat d 
proteins are shown In lanes 2-6. Four of these five strains 
also demonstrate a band of hybridization with the hia gene 
probe. Three non-typable Haemophilus strains which do 
express HMW1/HMW2-related proteins are shown in 
lanes 7-9. None of these strains demonstrate a band of 
hybridization. 

Of 15 non-typaole H. influenzae strains deficient in an 
HMWl/HMW2-related protein, 13 demonstrated evidence 
of an hia hornologue. In contrast, of 23 strains thai expressed 
HMW1/HMW2-related proteins, none was found to hybrid- 
ize with the Wa-specific probe. Thus, the hia gene appears 
to be restricted to strains that lack HMW1/HMW2 -related 
proteins and is present in most of these HMW1/HMW2- 
deficient strains. 
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Fig. 4. Ajtoraeflograph of whole oefl lysaies prepared from 
E. co// strain BL21(OE) transformed with pT7-7-derived plasmkfc 
containing the hia gene locus. The cellular proteins were separated 
on 7.5% acrylamide gete prior to autoradiography. The indicated 
lanes contain the following lysate preparations: lane 1. BL21(DE3)/ 
pT7-7; fene 2, BL21(DE3)/pHMWB-4; lane 3, BL21(DE3)/pHMWB- 
S; iao©4. BL21(DE3)/pHMW8-7; and lane 5. BL21 (DE3)/pHMW8- 
6. An arrow Indicates the overexpressed protein correspondng to 
the predicted hia gene product. A bracket denotes proteins which 
presumably represent Hla mul timers. 

Insertions! inactivatioh of the hia gene in 
H. influenzae 

To confirm a role for the hia gene in attachment by strain 
1 1, we constructed an Hia isogenic mutant strain. To do 
this, plasmld pHMW8-6 was linearized by digestion with 
Nde\ and was transformed into strain 11, followed by 
sefecton for kanamycfn-reslstant colonies. Western immune- 
blot analysis demonstrated loss of expressbn of 11 6 kDa and 
250 kDa high-molecular-weight bands in the kanamycin- 
resistant mutant strain (Fig. 6, compare lanes 1 and 2). 
Southern analysis confirmed insertion into the hia gene 
(data not shown). The resulting strain 11 hia" mutant 
was examined for attachment to Chang epithelial cells. 
As shown In Table 2, attachment by the mutant was 
reduced roughly 25-fokJ compared with the parent 6train 
11. 

To provide additional evidence that the hie gene 
encodes a product Involved In In vitro attachment, we 
employed pHMW8-6 to fnsertionalfy inactivate the hia 
locus of non-typable Haemophilus strain 1512. Again. 
Western Immunoblot demonstrated loss of expression of 
the Kta-Gke protein and Southern analysis confirmed the 

© 1996 BJeckwoll Science Ltd, Molecular Microbiology, 19, 1215-1223 
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allelic exchange (data not shown). Simitar to the situation 
with strain 11, the strain 1512 hia " mutant demonstrated 
minimal attachment compared with the strairv1512 parent 
(Table 2). 

Discussion 

Non-typable H. influenzae are human -specific pathogens 
that normally reside in the upper respiratory tract (Kuk- 
linska and Kilian, 1984). The ability to adhere to the human 
respiratory epithelium is a crucial factor in promoting per- 
sistence of non-typable H. influenzae in the human host. 
Several distinct surface molecules and organelles have 
been identified that contribute to the in vitro adherence of 
these organisms (Gilsdorf era/., 1992; Noel et a/., 1994; 
St. Gemeef al. t 1991; 1993; 1994; St Game and Cutter, 
1995; Sirakova et a/., 1d94). Tnese same molecules are 
likely to be important contributors to the organism's survi- 
val in vivo. The best characterized of the surface-adhesion 
molecules of non-typable H. influenzae are the haemag- 
giutinating pili (Gilsdorf et a/., 1992). These organelles, 
which are helical structures approximately 5nm in dia- 
meter and up to 450 nrn in length, promote agglutination 
of human erythrocytes and attachment to human oro- 
pharyngeal epithelial cells (Gilsdorf et ei, 1992). 

Stud es from a number of investigators have suggested 
the existence of adhesins In non-typable H. influenzae 
distinct from the haemagglutinating pili. St. Geme and co- 
workers recently isolated and characterized a gene desig- 
nated hap which encodes an IgA protease-like protein that 
promotes attachment and low-level invasion In experi- 
ments with Chang conjunctival cells (St. Geme et a/., 
1994). In our earlier work, we described and characterized 
the HMW1/HMW2 family or high-molecular-weight adhe- 
sion proteins which appear to be critical to the attachment 
of non-typable H. influenzae to several types of human 
epithelial and phagocytic cells in vitro (Barenkamp and LeJ~ 
ninger, 1992; St. Geme etai. t 1993; Barenkamp and Si. 
Geme, 1994). Other workers have described surface 'fim- 
briae 1 , fine filamentous surface structures distinct from the 
larger 'pili 1 , which are also capable of mediating attachment 
to human oropharyngeal epithelial cells (Sirakova et al., 
1994), AH of these previously described adhesion loci are 
distinct from the hia gene locus we describe in this report 
The adhesion properties of the various proteins just 
described have been defined almost exclusively in in 
vitro systems. The contribution of the Hia protein and the 
other adhesion proteins to the natural colonization pro- 
cess In the human host have yet to be fully characterized. 

The hia gene locus is predicted to encode a 114 kDa 
protein. The derived amino acid sequence of the protein 
demonstrates low-level sequence similarity with two pre- 
viously described bacterial adhesins; the HMW1 adhe- 
sion protein of non-typable H influenzae (Barenkamp 
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Fffl. 5. Southern hybridization analysis of 
chromosomal DNA from a panel of non- 
typable H. influenzae. Chromosomal DNA 
preparations from each strain ware digested to 
completion with EcoHl e4ectrophoresed on a 
0.7% agarose gel, transferred to a Hybond- 
N * membrane and probed with a K P labelled 
Spe\-Bst&\ internal probe from the hia gene. 
Lanes 1-6 contain DNA from strains that do 
not express HMW1/HMW2-Eke proteins; lanes 
7-9 contain DA/A from strains thai do express 
HMW1/HMW2-B<e proteins. 



and Leininger, 1992), and the AIDA-I adhesin of E. colt 
(Benz and Schmidt, 1992a,b). E. coli cells which express 
this latter protein demonstrate a 'diffuse adherence' pheno- 
type, whereby the bacteria adhere evenfy to the whole cell 
surface of HEp-2 and HeLa cells in vitro (Benz and 
Schmidt, 1992b). Comparison of the three sequences 
does nol reveal any extended regions of amino acid 
sequence Identity that might allow identification of common 
binding domains. Both the HMW1 protein and the AIDA-I 
adhesin are encoded by gene clusters comprising a struc- 
tural protein gene and additional accessory genes required 
for correct processing and surface localization of the actual 
adhesion proteins (Benz and Schmidt, 1992a,b; Baren- 
kamp and St. Geme, 1994). Interestingly, based upon 
the adhesion data wfth E. coli transformants expressing 
the Hia protein, it would appear that the Hia protein is cap- 
able of reaching the bacterial surface and mediating in 
vitro adherence, independent of other Haemophilus gene 
products Aiternatively, it is conceivable that E. coli- 
encoded proteins may aid in surface localization of the 
Hia protein. 

The complete genome sequence of H influenzae Rd 
was recently reported (Fleischmann et al., 1995). An ORF 
demonstrating sequence similarity to the AIDA-I adhesin 
of E. coli was identified In the Rd sequence. Comparison 
of this H. influenzae Rd ORF wfth the hia gene demon- 
strates that the two sequences are closely related. The 
Rd ORF is 694 nucleotides in length and is predicted to 
encode a protein of 298 amino acids. At the nucleotide 
level, the Rd ORF is 66% identical with the corresponding 
hm nucleotide sequence and Ihe derived amino acid 
sequences are 57% identical. The Rd ORF is approxi- 
mately one-quarter of the size of the hia gene, with the 
st2e difference explained by the presence of a frameshlft 



'mutation' in the Rd sequence, which results in the appear- 
ance of a premature stop codon. At present, no functional 
role has been determined for the protein encoded by the 
Rd ORF. 

In earlier studies we reported that 70-75% of non- 
typable H. influenzae expressed the HMW1/HMW2-like 
high-molecular-weight adhesion proteins. In this study, 
we examined a panel of non-typable Haemophilus strains 
for the presence of the hia gene locus by Southern hybrid- 
ization, and only a subset of strains demonstrated bands of 
hybridization: specifically, only those strains that did not 
express HMW1/HMW2-related proteins. Furthermore, 
almost all such non-expressing' strains that we examined 
demonstrated bands of hybridization with the hia gene 
probe. This result is consistent with a model in which 
non-typable H. influenzae express either the HMW1/ 
HMW2-like or the Hia protein-like hlgh-molecular-weight 
adhesion proteins but not both, ft is Interesting to specu- 
late that there are two groups of strains which represent 
distinct evolutionary lineages. 

In summary, we have cloned and characterized a gene 
locus, designated hia, from a prototype non-typable H. 
influenzae strain that encodes a novel high-molecular- 
weight adhesion protein. The protein encoded by this 
locus was originally detected based upon Its highly 
immunogenic character oaring the course of infection In 
a child with acute non-typable H. influenzae otitis media. 
Although Into protein is expressed by only a subset of 
non-typable Haemophilus strains, its immunogeniclry and 
role as an adhesion protein suggests its potential role as 
a vaccine candidate. It combined with representative 
HMW1/HMW2-llke proteins, proteins which are major 
non-pilus adheslns for non-typable Haemophilus strains 
that do not contain an hia gene, a vaccine formulation 

!W6 etacfcwel) Science Ltd, Mdecuiar Microbiology. 19. 1215-1223 
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Fig. 6. Westerr. immunobtol assay wllh cell sonicates from 
non-typable H. influenzae strain 1 1 (lane 1), and a kanamyoJn- 
resislant derivative with an Interrupted hia gene (tane 2), and with 
clone 11-17 phage lysale (lane 3). The preparations were probed 
wfth an E. cotf-adsorbed rabbit immune serum raised against a 
recombinant Hia fusion protein. Size markers are in kDa. 

could be envisioned that would be protective against most 
or all non-typable H. influenzae. 

Experimental procedures 

Bacterial strains, pfasmids, and phages 

Non-typable H. influenzae strain 1 1 was chosen as a proto- 
type HMW1/HMW2-defIclent strain (Barenkamp and Bodor, 
1990; Barenkamp and Lefninger, 1992). This strain was iso- 
lated In pure culture From the middle-ear fluid of a child with 
acute otitis media. It was identified as H. Influenzae by stan- 
dard methods (Kilian, 1985) and was classified as norvtypabie 



Table 2. Adherence by non-typable H. Influenzae strains and isogenic 
hia mutants. 



Strain % Adherence' 



H. influenzae 1 1 45.6 ± 4. 1 

H fnfhJ9nzae 11 Ihia ~ 1 . B * 0.7 

H influenzae 1 51 2 68.5 ± 9.3 

H influenzae 1 51 2thia " 0.7 * 0. 1 



b. Adherence was measured in a 30min assay and was calculated by 
dividing the number of adherent bacteria by the number of Inoculated 
bacteria. Values are the mean ± SEM of measurements made In tripli- 
cate from a representative experiment. 
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based on its failure t aggljtinat with a panel ol typing anti- 
sera lor H, influenzae types a-f (Burroughs Wei (com Co.) 
or to show tines of precipitation wfth these antisera in counter- 
Immunoelectrophoresis assays (Wallace et af.> 1961). Addi- 
tional non-typable H. influenzae strains were described pre- 
viously (Barenkamp and Leininger, 1992). 

E. coli strain DH5a was obtained from Gibco BRL. E. coli 
BL21(DE3) was a gift Irom F, WlHiam Studier. Strain 
BL21 (DE3) contains a single copy of the T7 RNA polymerase 
gene under the control of the lac regulatory system (Studier 
and Motfatt, 1986). Ml3mp18 and M13mp19 were obtained 
from New England BioLabs Inc. pT7-7 was the kind gift of 
Stanley Tabor (Tabor and Richardson, 1995). This vector con- 
tains the T7 RNA polymerase promoter 4>10» a ribosome- 
binding site, and the transiational start site for the T7 gene 
10 protein upstream from a multiple cloning site. pUC4K was 
obtained from Pharmacia and served as the source of the 
kanamycirvresistance gene. 



Culture conditions 

H. influenzae strains were grown on chocolate agar supple- 
mented with 1% Isovitale X, on brain -heart infusion agar sup- 
plemented with haemin and NAD (BHI-DB agar), or in breJn- 
heart infusion broth supplemented with haemin and NAD 
(BHIs) (Anderson et a/. ( 1972). These strains were stored at 
- 80°C in brain-heart infusion broth with 25% glycerol, or in 
skim milk. £ coli strains were grown on Lurla-Bertani (LB) 
agar or in LB broth and were stored at -80 : C in LB broth 
wfth 50% glycerol. For H. influenzae, kanamycin was used 
at a concentration of 20ngml _1 . Antibiotic concentrations 
for £ coli included the following: amplcillin or carbenldllin al 
100pgml"\ and kanamycin at 50 ml " 1 . 

Molecular cloning and plasmid subdoning 

The recombinant phage containing the hia gene was Isolated 
and characterized using methods similar to those described 
previously (Barenkamp and Leininger, 1992). In brief, 
chromosomal DNA from strain 1 1 was prepared by a modifica- 
tion of the method of Marmur(1961). Seu 3A partial restriction 
digests of the DNA were prepared and fractionated on 0.7% 
agarose gels. Fractions containing DNA fragments In the 9- 
20 kbp range were pooled, and a library was prepared by liga- 
tion Into XFMBL3 arms. Ligation mixtures were packaged In 
vitro with Gigapack* (Stratagene) and plate-amplified in a 
P2 rysogen of E. coli LE392. Lambda plaque Immunological 
screening was performed as described by Maniatis et al. 
(1982). For plasmid subdoning studies, DNA from recombi- 
nant phage was subcloned into the T7 expression plasmid 
pT7-7 (Tabor and Richardson, 1985). Standard methods 
were used for manipulation of cloned DNA as described 
(Maniatis etai t 1982; Silhavy elal % 1984). 

The plasmid suctones containing the hia gene locus 
described in this work were constructed as follows. Plasmid 
pHMW 8-3 was generated by isolating an 11 kbp Xoe\ frag- 
ment using DNA purified from recombinant phage clone 1 1- 
17 and ligatlng into XAal-digested pT7-7. Plasmid pHMW8«4 
was generated by Isolating e 10 kbp SamHI-Cfel fragment 
from clone 11-17 DNA and ttgating Into BamH I -C/a I -digested 
pT7-7. Plasmid pHMW8-5 was generated by digesting 
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pHMWe-4 with Xbal. isolating the 10.5 kbp fragment and reft- 
gating. (An additional Xba) restriction site not shown in Fig. 2 
is present adjacent to the BamHI site of pHMW8-4; this site is 
derived from the polylinker region of pT7-7.) Rasmid pHMW8- 
6 was generated by digesting pHMWB-4 with Spe\ t which cuts 
at a unique site within the hia gene, blunt-ending the resulting 
overhangs* and inserting a kanamycln-resistance cassette. 
Plasmid pHMW8-7 was generated by digesting pHMW8-3 
with Nnj\ and Hind\\\ t isolating the 7.3 kbp fragmenl (which 
contains pT7-7), blunt-endhg and religating. (An additional 
H/ndlll site not shown in Rg. 2 is present adjacent to the 
right-most Xba\ site of pHMW8-3; this she is derived from 
the pT7-7 polylinker region.) 



Construction of H. influenzae mutants 

In order to construct isogenic H. influenzae mutants, bacteria 
were made competent using the MfV method (Herriott at a/., 
1970), and were transformed with linearized pHMW8-6, 
selecting for kanamycin resistance. Allelic exchange was con- 
firmed by Southern analysis. 



Analytical techniques 

To identify recombinant proteins produced by £T. coli lysates 
containing recombinant phage, representative lysates were 
soiubilired in electrophoresis sample buffer, subjected to 
SDS-polyacrylamide gel electrophoresis, and transferred to 
nitrocellulose (Barenkamp and Leininger, 1992). The nitrocel- 
lulose was then probed sequentially with the convalescent 
serum of the child infected with strain 11, and with alkaline 
phosphatase-conjugated goat anti-human IgG second anti- 
body (Tago). To identify the native Hia proteins produced by 
non-typabte HaemopNIus strain 11, bacterial cell sonicates 
were subjected to get electrophoresis and transfer steps as 
outlined above. The nitrocellulose sheets were then probed 
with rabbil antiserum raised against an Hia recombinant 
protein foDowed by reaction with an alkaline-phosphatase- 
conjugated goat anti-rabbit second antibody (Bio-Rad). 

In order to examine plasm id-encoded proteins, the bacterio- 
phage T7 expression vector pT7-7 was employed, and the 
relevant pT7-7 derivatives were transformed into E coli 
BL21(DE3). Activation of the T7 promoter was achieved by 
inducing expression of T7 RNA polymerase with lsopropyl-3- 
o-thiogalactopyranoside (final concentration, 1 mM). After 
induction for 30min at 37 C C, rifampicin was added to a final 
concentration o? 200 ug mr \ Thirty minutes later, 1 ml of cul 
ture was pulsed with 50 »C\ of fraw- 3S S label (ICN) for 5 mln. 
Bacteria were harvested and whole cell lysates were resus- 
pended in Laemmn buffer tor analysis by SDS-polyacryl- 
amide electrophoresis on 7.5% acrylamide gels. Autoradio- 
graphy was performed with Kodak XAR-5 film. 



DNA sequence analysts 

DNA sequence analysis was performed by the dideoxy chain- 
termination method with the US Biochemicals Sequenase kit 
as suggested by the manufacturer. Several 21 -mar oligo- 
nucleotide primers w re generated as necessary t complete 
the sequence, and J^SI-dATP was purchased from New 



England Nuclear. Data were analysed with CornpuGene 
software (Barnes. 1987) and the Genetics Comput r Group 
program from the University of Wisconsin (Devereux et a/., 
1 B84) on a Digital VAX 8530 computer. 

Adherence assays 

Adherence assays were performed with Chang epithelial cells 
(Wong-Kilbourne derivative, clone 1-5c-4 (humar conjunc- 
tiva)), which were seeded into 24-well tissue culture plates, 
as described (St. Game et a/.. 1993). Bacteria were inocu- 
lated into broth and allowed to grow to a density of approxi- 
mately 2 x 10 s colony-forming units (cfu) per mf. /proximately 
2 x 10 7 cfu were Inoculated onto epithelial cell monolayers, 
and plates were gently centrlfuged at 165 * g for 5 mln to 
facilitate contact between bacteria and the epithelial surface. 
After incubation for 30 mln at 37*C in 5% C0 2 , monolayers 
were rinsed five times with phosphate-buffered saline (PBS) 
to remove non-actfierem organisms and were treated with tryp- 
sin-EDTA (0.05% trypsin/0.5% EDTA) in PBS to release 
them from the plastic support. Well contents were agitated, 
and dilutions were plated onto solid medium to yield the 
number of adherent bacteria per monolayer. Percent adher- 
ence was calculated by dividing the number of adherent cfu 
per monolayer by the number of inoculated cfu. Quantitative 
resutts were confirmed by light microscopy performed as pre- 
viously described (S:. Game and Falkow, 1 990). 



Southern analysis of genomic DNA 

Chromosomal DNA was digested to completion with EcoHl 
and electrophoresed on 0.7% agarose-Trls acetate gels at 
100 V. The DNA was transferred to Hybond-N x (Amersham) 
filters by capillary flow. Nick-translation labelling of the DNA 
probe and Southern hybridl2aHon were performed using stan- 
dard techniques (Manlatls et af., t982; Sllhavy at at. 1984). 
Autoradiographs were prepared using Kodak XAR-5 Mm 
(Eastman Kodak Co.) and an intensifying screen. 



Nucleotide sequence accession number 

The sequence of the hia gene has been submitted to Gen- 
Bank and assigned the accession number U386f 7, 
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